In-plane transport in an InAs/GaAs semiconductor hetero-n-i-p-i has been investigated using picosecond transient grating techniques and an order-of-magnitude enhancement of the ambipolar transport relative to that measured in a similar undoped sample has been demonstrated. Both the magnitude and the density dependence of this enhanced transport are consistent with an additional driving force that is associated with an in-plane modulation of the screened n-i-p-i field. This modulation is the result of the spatial separation by perpendicular transport of electrons and holes that also have an in-plane density modulation.
I. INTRODUCTION
Quantum-well hetero-n-i-p-r's are among several semiconductor structures that continue to attract interest for possible applications to low-power two-dimensional switching arrays and all-optical spatial light modulators by exploitation of quadratic (rather than linear) electro-optic effects. The turn-on time for such a n-i-p-i device is usually determined by carrier transport perpendicular to the quantum wells. More specifically, it is determined by the time required for carriers generated in the quantum wells to escape the wells and to move to screen the built-in electric field, thus blue shifting the exciton by reducing the quantum-contlned Stark effect (QCSE) . Typical turn-on times determined by these processes have been measured to be of the order of a few us.' By contrast, the recovery (or turn-off) time for a hetero-n-i-p-i, when it is used in the conventional single-beam geometry, is determined by the slow recombination of the spatially separated charges in the doped regions and is typically in the range of ,us-ms.2 Recently, instead of using a single beam, considerable attention has been given to two-beam mixing geometries, where quadratic photodiffractive gratings are written in the quantum-well structures by the interference of the two beams3" If such a geometry is used with the hetero-n-i-p-i, then the turn-off time for the diffracted signal will be determined by the decay of the gratings by in-plane transport. For spatial grating dimensions of a few microns, this decay is expected to occur on sub-ns time scales. Even so, the material will not fully recover until the carriers recom-* bine.
To date, reports of two-beam mixing using resonant, or nearly resonant, quadratic electro-optic effects have been limited to a few steady-state investigations of non-n-i-p-l semi-insulating quantum-well structures using externally applied fields. More specifically, steady-state selfdiffraction has been demonstrated using an in-plane applied field and the Franz-Keldysh effect in GaAs/AlGaAs multiple-quatum-well structures (MQW'S)~'~ and using a field applied perpendicular to the wells and the QCSE in CdZnTe/ZnTe MQW'S.'*~ In the former, the absorption of the two interfering beams produces a periodic modulation of the carrier density. The electrons and holes subsequently drift in opposite directions in the plane of the wells to periodically screen the applied in-plane field and, thereby, produce a grating by modulating the Franz-Keldysh effect. By contrast, for the perpendicular applied fields, the carriers drift perpendicular to the wells to produce a grating by periodically screening the applied field and modulating the QCSE. In both cases, the geometries take advantage of large nearly resonant transport-related nonlinearities in thin structures to operate in the Raman-Nath regime.
Here, we present measurements of the decay of photodiffractive gratings written in a hetero-n-i-p-i by the interference of two pulses tuned near, or on, the n = 1 electron to n= 1 heavy hole (ElHl) excitonic transition. As we later discuss, such excitation can produce absorptive and refractive gratings that are associated with a modulation of the excitonic bleaching or absorptive and refractive gratings associated with a modulation of the QCSE, depending on the time scale and writing fluence. In the regime where a modulation of the QCSE dominates, we show that the perpendicular separation of the photogenerated charge, caused by the built-in field, actually speeds the decay by roughly an order of magnitude by enhancing the effective in-plane ambipolar transport (in contrast to the single beam geometry where charge separation elongates the recombination and recovery time). We compare these dynamics to the measured decay of gratings written in a similar flatband undoped sample. Finally, we describe a simple phenomenological model that provides qualitative and quantitative agreement with the magnitude and density dependence of the measured effective diffusion coefficient.
Enhanced transport also has been reported recently in two other heterostructures where charge separation is dictated by applied or built-in fields. In the first of these, high-speed diffusive conduction was measured in a highly doped transmission-line-like GaAs/AlGaAs p-i-n structure by using a pump-probe technique that employed spatially separated and tightly focused pulses.7 In the second, a gi-ant ambipolar diffusion coefficient was extracted from Shockley-Haynes-type measurements of a semimetallic p-n junction.8 By comparison, our measurements use ps transient grating techniques and are performed on a p-type semiconducting hetero-n-i-p-i (where by p-type we mean that thep region is more heavily doped than the n region). For such samples, the previously developed models are no longer applicable and must be modified.
II. EXPERIMENT
The p-type InAs/GaAs semiconducting hetero-n-i-p-i used in these studies was grown on a GaAs substrate oriented in the (100) direction. The n and p region of the hetero n-i-p-i are each 20-nm-thick layers of GaAs and are doped to 2=l=lX10'7 and 1.2+0.6x 1018 cmw3, respectively, as determined by secondary ion mass spectroscopy (SIMS). Each intrinsic region is 120 nm wide, at the center of which are three 11-nm-wide quantum wells separated by 14-nm-thick barriers. The'sample contains 12 periods of the n-i-p-i structure, making a total of 72 quantum wells. Each well consists of six periods of an all-binary InAs/GaAs short-period strained-layer superlattice.g Specifically, each quantum well is composed of six layers of InAs, each two monolayers thick, alternating with five layers of GaAs, each five monolayers thick. It should be noted that the all-binary and strained nature of these quantum wells are not directly related to the fast in-plane transport to be described in this article. The electric field in each intrinsic region was calculated to be 27 kV/cm for the best estimate of the dopant densities. The growth of the allbinary quantum wellsg8'o and the measurement of the nonlinearities and charge transport associated with singlebeam excitation of this structure are described in detail elsewhere.' For the purposes of comparison, measurements were also performed on an undoped, flatband multiplequantum-well sample that contains 50 equally spaced quantum wells separated by 20 nm GaAs barriers. Each well was identical to that described above.
A conventional transient grating technique was used to measure the in-plane ambipolar transport at room temperature. The pulses used in our experiments had a duration of approximately 1 ps and were produced by a cavitydumped, synchronously mode-locked dye laser that was tuned to the center of the ElHl excitonic transition at 967 run. Each pulse from the laser was split into three parts. Two of the pulses, one a factor of 20 weaker than the other, were spatially and temporally overlapped in the sample with an angle of 11" between the two beams. The absorption of these two interfering pulses produced a %43% modulation of the carrier density in the quantum wells with a period of 5 pm. The grating decay was monitored by measuring the diffraction efficiency of the third, probe, pulse as a function of time delay with respect to the pump pulses. To ensure that the mean carrier density remained relatively constant over the probed region, the diameter of the focused probe pulse was chosen to be one-third the diameter of the pump pulses at the sample. These measurements were performed as a function of carrier density (i.e., Probe Delay (ps)
FIG. 1. Diffraction efficiency, 7) vs probe delay at a grating spacing of 5 pm for the hetero-n-i-p-i for mean fluences 0.6,2.2, and 17 &Jicm*, which correspond to carrier densities 2.3X 1016, 8.4~ 1016, and 6.5X 10" cme3, and for the undoped multiple-quantum-well sample for a mean fluence of 2.0 pJ/cm', which corresponds to a mean carrier density of 1.2~ IO" cm- '. fluence) while maintaining a constant modulation. Similar measurements were also performed in the undoped multiple-quantum-well sample. Other important features of these studies are that we chose the sample and arranged the experimental geometry (e.g., grating spacing) to ensure that the grating decay would be slow compared to the grating formation, that the decay would be fast compared to any recombination, and that the sample would-recover fully by recombination between successive pump excitations. We have shown previously' that the nonlinear absorption changes in this heteron-i-p-i structure under our excitation conditions are determined by phase space filling and by a blueshift of the exciton associated with screening of the QCSE and that the relative contribution of each is a complicated function of time, wavelength, and fluence. Nevertheless, the turn-on time for the diffraction efficiency is never more than a few ps, since the excitonic bleaching is instantaneous and since the turn-on time for the screening is -5 ps. As we demonstrate here, once formed, these photogenerated absorptive and refractive gratings will decay by in-plane transport on much longer time scales. Eventually, the carriers will recombine nonexponentially on time scales that range from -lo-ns to -1 ps, depending on density. To allow the recombination to be more than 90% complete before the next pump excitation and to avoid thermal effects, the cavity dumper was operated at a frequency of 1 MHz.
Ill. RESULTS
In Fig. 1 , the decays of the gratings written in the hetero-n-i-p-i for several values of the pump fluence (i.e., carrier densities) are compared to the decay in the undoped multiple-quantum-well sample. The decay rate of the grating in the undoped multiple-quantum-well sample is independent of iluence over the range shown. By contrast, the decay rates for the gratings written in the heteron-i-p-i sample are a strong function of fluence and are sig- nificantly larger than the grating decay rate of the undoped multiple-quantum-well sample. In each case, the decay of the diffraction efficiency is exponential, and the decay time is short compared to the recombination, which was independently determined from pump-probe transmission measurements. Under such condition, if one assumes that the decays are diffusive, the grating lifetime can be expressed as
where A is the grating spacing and DA is an effective ambipolar diffusion coefficient, which is discussed below. The effective ambipolar diffusion coefficients extracted in this way are plotted in Fig. 2 as a function of average carrier density for the hetero-n-i-p-i and for the undoped sample. A density-independent value of 18.5 cm2/s is measured for the undoped sample, a value that is comparable to that expected for GaAs." By contrast, a strongly density-dependent effective diffusion coefficient is obtained for the hetero-n-i-p-i sample. Notice that the peak value of 180 cm2/s is ten times that measured in the undoped sample and that the coefficients extracted for the hetero-n-i-p-i tend toward that of the undoped sample at the highest carrier densities. The solid, dashed, and dot-dashed curves are the results of calculations to be discussed later.
IV. PHENOMENOLOGICAL MODEL
Previously we have shown' that photoexcitation of our hetero-n-i-p-i with ps pulses tuned to the ElHl excitonic resonance, as shown schematically in Fig. 3 (a) , will lead to an initial bleaching of this transition as the result of phase space filling. The excitons thus created will ionize on a sub-ps time scale to create a confined population of thermalized electrons and holes. Small fractions of the electrons and holes in the tails of the thermalized distributions will have sufficient energy to readily escape the wells and, under the influence of the built-in electric field, will be swept towards the n-and p-doped GaAs regions, thus, reducing the field and Aattening the bands, as illustrated in Fig. 3(b) . As carriers escape, the distributions continuously rethermalize, allowing more carriers to escape. This process will continue until all of the wells are emptied or until the bands are approximately fiat, depending on carrier density. For our barrier width, confinement energy, and built-in electric field, tunneling is negligible, and thus, at room temperature, this thermal escape process dominates the perpendicular transport. The carriers escape the GelIs and screen the field in this way to produce a blueshift of the exciton in a characteristic time of -5 ps. Eventually, the electrons and holes will recombine, on time scales long compared to those we consider here, at a rate that depends strongly on the carrier density. The enhanced decay of the photogenerated refractive and absorptive gratings written in the same sample can be understood qualitatively by phenomenologically incorporating the m-plane carrier modulation and transport into the description that was presented in the preceding paragraph and in Ref. 10, as illustrated pictorially in Figs. 4-6 . The initial modulations of the conduction (and valence) band potential energy surface and of the electron (and hole) distribution, following excitation with two &function (in-time) pump pulses, are depicted in Figs. 4(a) and 4(b), respectively. Since the doped regions (20 nm) in our hetero-n-i-p-i are narrow compared to the intrinsic regions (120 nm), for our purposes here, we take the modulation of the potential energy to be triangular in form, as would be appropriate for a S-doped structure. Also, for ease of presentation, we ignore the potential associated with the three narrow wells located in the intrinsic region, although we explicitly take them into account in sketching the initial electron (hole) distribution, as shown in Fig. 4 (b) . Notice that Fig. 4 is not drawn to scale. Specifically, notice that the separation between peaks and troughs in the potential (i.e., It-andp-doped regions) is 140 nm and that the period of the in-plane carrier modulation is 5 pm. For times short compared to the thermal escape time ( -5 ps), the carriers will be confined to the wells, there will be no separation of charge, and thus, there will be no screening of the QCSE associated with the built-in field. For this period, the refractive and absorptive gratings will be associated with a bleaching of the exciton.
Because of the relatively large m-plane grating period, the electrons (holes) escape the wells and move to the troughs (peaks) of the potential before any significant inplane transport can occur. This drift produces electron and hole distributions that are spatially separated in the perpendicular direction and periodically modulated in the plane of the sample, as shown in Fig. 5 (b) . This separated charge, in turn, screens the built-in field and causes a blueshift of the excitonic resonance by reducing the QCSE. The screening and the blueshift will be largest where the separated carrier densities are largest, that is, near the peak of the carrier modulation. Consequently, the thermal escape and perpendicular drift of the electrons and holes under the influence of the built-in field produces a potential that is periodically modulated in the plane of the sample, as well as in the growth direction, and that resembles that ?-.$ B P FIG. 6. Potential energy (a) and the electron and hole distributions (b) in the hetero-n-i-p-i after in-plane transport is complete, but before significant recombination occurs.
shown in Fig. 5 (a) . In addition, the initial absorptive and refractive gratings that were associated with excitonic bleaching have decayed and been replaced by gratings associated with a blueshift of the exciton. The potential energy surface and carrier distributions shown in Fig. 5 (a) and Fig. 5 (b) , respectively, represent the initial conditions for the in-plane decay of the carrier grating following perpendicular transport for average carrier densities that are less than those required to produce complete screening. We emphasize that there are two driving terms for the in-plane transport evident in Fig. 5 . The first of these is the usual in-plane density gradient, V,n (Vg), for the electrons (holes). The second, additional, source is the periodic in-plane gradient of the potential, V,Q,i,, Here the in-plane gradient V,= (Wax, a/L+). Under conditions described here, the magnitude of V,,@,$[ is proportional to the gradient in the electron (or hole) density, V,,n (or Vg), since the degree of screening is proportional to the spatially separated electron and hole densities. Moreover, because the electrons and holes are spatially separated in the growth direction, the sign of the in-plane gradient and, therefore, of the in-plane field seen by the electrons will be opposite to that seen by the holes. Consequently, the field associated with V,@,bi will force the electrons and holes to move in the same direction in the plane of the sample. While strictly speaking this is a drift term, it is unusual in that it appears diffusive in nature. That is, its magnitude is proportional to the m-plane gradient in carrier density, and it encourages both the electrons and holes to move from regions of high concentrations to regions of lower concentration. In this way, the force arising from the in-plane potential gradient reinforces that from the density gradient to speed the decay of the grating.
Under the intluence of these forces, but before significant recombination can occur, the in-plane modulation of both the potential energy and the carrier density will decay, as shown in Fig. 6 . At this point, the potential now resembles a uniformly screened version of the initial potential, and the electron and hole distributions are uniform in the plane of the sample, but remain spatially separated in the perpendicular direction. Eventually, the spatially separated electrons and holes will recombine very nonexponentially, as described in Ref. 1. Clearly, the enhancement described here will not occur in our undoped sample, since it requires charge separation and screening.
For pump fluences sufficiently large to produce average carrier densities larger than those necessary to completely screen the built-in field and to approximately flatten the bands, the in-plane decay dynamics differ from those shown in Figs. 4-6. At these large fluences, carriers will escape the wells only until the field is uniformly screened and the bands become approximately flat. The excess carriers (i.e., those not needed to screen the field) will remain in the wells and will continue to produce a bleaching of the exciton. In this case, since there is no in-plane modulation of the potential, the carriers in the wells will decay as in an undoped sample, driven only by the density gradient. In this way, ambipolar transport in the hetero-n-i-p-i approaches that in an undoped sample at high Iluences and carrier densities, in agreement with our measurements.
V. ANALYSIS
Rigorous modeling of the processes described in the previous section would require the self-consistent solution of the coupled equations for the electron and hole currents, j,(r) =epnnE+eD,Vn, *
jJr) =erUpPE--DpVp,
together with Poisson's equation,
while allowing for the generation of carriers, neglecting recombination, and requiring continuity,
where in these equations n(p), j,( jJ, pcl,(y), and D,( Dp) denote the electron (hole) densities, currents, mobilities, and diffusion coefficients, respectively, and where IV, and ND are the acceptor and donor dopant densities in the p-and n-doped regions, respectively. In addition, e labels the elementary charge, E the permittivity, hv the photon energy, and a the density-dependent absorption coefficient. The self-consistent field E will include the built-in n-i-p-i field and the space-charge field produced by the perpendicular and in-plane separation of electrons and holes, which screens the built-in field and forces ambipolar transport. The self-consistent potential will be given by E= -VQ>. Since the carrier motion in the growth direction and in the plane of the sample are in general coupled, the exact solution of these coupled equations requires the use of tedious numerical techniques; however, if we incorporate the reasonable approximations used in the phenomenological picture given in the previous section, we can obtain a closed form solution for the effective in-plane diffusion coefficient. Specifically, since the width of the doped regions is substantially narrower than that of the intrinsic regions, we approximate our structure with a S-doped n-i-p-i structure containing an equivalent sheet charge density. This allows us to take the built-in potential to be triangular in shape,-as illustrated in Fig. 4(a) . Moreover, as before, we assume that carrier generation and transport in the perpendicular growth direction z are fast compared to transport in the plane of the sample (taken to be the x direction). That is, since the n-i-p-i period ( -140 nm) is small compared to the optical grating period (5 pm), we assume that drift and diffusion in the perpendicular (z) direction have come to equilibrium and that the electrons and holes cluster about the doped regions to screen the field, as illustrated in Fig. 5 . This is our principal approximation, since it allows us to take the n-i-p-i potential energy e@+,* to be triangular in form in the transverse z direction (for a fixed in-plane coordinate x) even when screened. The latter is reasonable except at fluences where the carrier screening reduces eQ*$, to -kT, where k is the Boltzmann constant and Tis the lattice temperature. As the sample approaches these "flatband" conditions, the carriers will no longer remain clustered in regions near the doped layers and the potential surfaces will no longer appear triangular. Phenomologically, we handle this limited range by adding the requirement that the potential energy approaches flatband conditions exponentially with increasing carrier density.
Explicitly, for fully compensated or p-type semiconducting samples, we take the modulation of the triangular potential to be of the form @%&,z> =-rs)
for f<z<T,
where I is the n-i-p-i period; the bar "-" denotes an average of a quantity over the period 1 and N, and n, are critical densities defined as NC= ( 8&kT/e2f) and (8) n,=fiD--Nc.
Notice that the peak modulation of potential energy of the n-i-p-i is linear in photogenerated density for average electron densities Egn, e@,,Jpeak) = (kT/N,) (iVD-if).
In this limit, the physical significances of the critical densities N, and n, become clear. The critical density N, corresponds to that change in average carrier density A that will produce sufficient screening to lower the peak built-in potential energy by kT, and n, is the average density necessary to drive the bands to within kT of their flatband condition. Moreover, it is clear that this potential energy given by Eq. (7) is the source of an additional drift force that is proportional to the in-plane gradient of the density and that will aid diffusion, eE,,ipi= -a(eQd ax =-rs)exp( -t)g, for -i,,<$, E 4kTgiN2))exp( -$)g, for ;<.z<:.
By subsequently imposing the conditions for ambipolar diffusion, namely, by requiring that the average hole current must be equal in magnitude and opposite in sign to the average electron current, &= -j, , and by forcing charge neutrality, ND-K=NA --F (when averaged over one n-i-p-i period), we obtain (after considerable, but straightforward algebra) a closed form solution for the effective ambipolar diffusion coefficient given by Here, the function F(X) is defined by
where (PO is the peak built-in n-i-p-i potential for the unexcited sample given by e&= (e2p/8e)#D=kT(fiJNc).
Notice that the effective in-plane ambipolar diffusion coefficient for the hetero-n-i-p-i is identical to the conventional expression for the ambipolar diffusion coefficient for bulk material,
except for the enhancement factors determined by the function F(Z). The solid curve in Fig. 2 is the result of using Eq. ( 13) to evaluate the effective in-plane diffusion coefficient as a function of average carrier density with ND and NA as free parameters. We find good agreement with experimental results for ND=~.OX 10" and N,=5.0~ 10" cmw3. Considering the uncertainty in the measured densities and the approximations made in the model, these values are in good agreement with the measured dopant densities. Also plotted in Fig. 2 (dotted curve) for comparison is the expression for the ambipolar diffusion coemcient of a bulk sample uniformly doped to the same level. Finally, the dot-dashed line is the constant ambipolar diffusion coefficient that one expects for an undoped sample over this density range.
VI. SUMMARY AND CONCLUSIONS
We have used transient grating techniques to measure a factor of 10 enhancement of the effective in-plane ambipolar diffusion coefficient of a p-type semiconducting InAs/GaAs hetero-n-i-p-i over that observed in a similar undoped structure containing identical quantum wells. This enhancement has been shown to be associated with the separation of positive and negative charge in the growth direction caused by the built-in n-i-p-i field. This latter point was demonstrated not only by comparison to the equivalent undoped sample, but by demonstrating that the diffusion coefficient approached the bulk value at carrier densities sufficient to completely screen the field and to drive the hetero-n-i-p-i near flatband conditions. We attribute this enhancement of the in-plane transport to an additional drift term associated with a gradient in the n-i-p-i potential caused by an in-plane modulation of the screening of the built-in electric field.
Good qualitative and reasonable quantitative agreement to the measured density-dependence of the enhanced in-plane transport coefficients has been obtained by using a simple phenomenological model that allows a closed form solution. In this calculation, we have assumed that carrier generation and perpendicular transport are complete before in-plane transport begins, and we have approximated the hetero n-i-p-i by a delta-doped n-i-p-i structure. All of these assumptions are reasonable for the structure, the pulse widths, and the grating spacings used in the experiments described here. We emphasize that the expressions obtained here are directly applicable only for completely compensated or p-type semiconducting structures that can be reasonably viewed as delta-doped, although they can readily be modified for n-type samples by carefully reversing the roles of electrons and holes and of acceptors and donors. Under the assumption that carrier generation and perpendicular transport are complete, the calculation of enhanced in-plane transport coefficients for semimetals and for uniformly doped structures are also straightforward, but the expressions are slightly different in form from those given here.
Most importantly, we emphasize the limitations of the phenomenological model presented here. If structures with larger enhancements are designed or smaller grating spacings are used in the experiments, the characteristic time for in-plane transport will approach that for the perpendicular transport. Under these circumstances, in-plane and perpendicular transport can no longer be decoupled as we have done here. That is, in-plane transport will occur simultaneously to, and will influence the details of, the perpendicular transport and vice versa. In this case, a complete description of the charge transport may require numerical techniques. Finally, it should be noted that the model presented here does not provide detailed information about perpendicular carrier location near flatband conditions. For average carrier densities significantly larger that 1016 cm m3 (averaged over the n-i-p-i period, not an in-well density), the built-in n-i-p-i field is essentially completely screened, and the carriers tend to remain in the wells rather than in the doped regions. In this case, the grating is associated with excitionic bleaching, and it decays primarily by in-plane transport of the carriers that remain within the wells. Nevertheless, since the ambipolar diffusion coefficient associated with the wells under flatband condition is approximately equal to that of the intrinsic or doped bulk GaAs regions, this detail is unimportant to calculating the in-plane transport in this regime and does not produce a significant deviation from our simplified model.
From a practical standpoint, the enhanced in-plane transport observed here will speed the decay of gratings in (and thereby reduce the turn-off time of) hetero-n-i-p-i devices based on two-beam mixing geometries. On the other hand, the very mechanism that leads to the enhanced transport, namely, the separation of the photoinjected carriers, also greatly increases the carrier recombination time. Therefore, although the grating can be made to decay as fast as -2 ps (by using a 1 pm grating spacing), roughly 1 ,us is required for recombination in the hetero-n-i-p-i sample studied here to be 90% complete. Consequently, in practical applications requiring either steady-state or a high repetition rate operation, significant carrier accumulation would be expected. However, as we have demonstrated, as carriers accumulate, the bands are flattened, the enhanced in-plane transport slows, and the carrier recombination rate accelerates. This strong dependence of both in-plane ambipolar transport and recombination rates on carrier density, which is associated with perpendicular transport, charge separation, and screening in hetero-n-ip-z? and which we have demonstrated here, will have a profound influence on either the steady-state or pulsed operation of such devices and must be taken into account when modeling or designing these devices.
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